The purpose of this cross-sectional study was to describe the relationship between low density lipoprotein cholesterol (LDL-C) and various physical, chemical, dietary, and behavioral attributes of 4768 white men and women aged 20-59 years from 10 North American populations sampled by the Lipid Research Clinics Program. For our analyses, women were separated into two groups: users and nonusers of hormones. A positive correlation coefficient between very low density lipoprotein cholesterol (VLDL-C) and LDL-C was observed for women but not for men. Fasting plasma concentrations of LDL-C were most strongly and consistently associated in each gender with age, the Quetelet Index of body mass, the number of cigarettes smoked per day, systolic blood pressure, and the levels of plasma glucose and uric acid (all positive associations); and with height and bilirubin levels (both negative associations). Gender-related differences were found in the associations between LDL-C and the other lipids and lipoprotein cholesterol fractions measured.
L ow density lipoprotein cholesterol (LDL-C) accounts for approximately two-thirds of total serum cholesterol and is recognized as its primary atherogenic component. 1 Many different types of studies have incriminated plasma total cholesterol or its surrogate, LDL-C, in playing a key role in ischemic heart disease (IHD). 12 The positive association between high LDL-C levels and IHD has been well established, with LDL-C emerging as a consistent and stronger predictor of subsequent IHD than total serum cholesterol, very low density lipoprotein cholesterol (VLDL-C), or triglycerides. 2 Despite the importance of LDL-C as a significant independent risk factor for IHD, there have been few reports which attempt to simultaneously assess the interrelationship of LDL-C with the many factors that either determine, or are otherwise associated with, LDL-C levels in populations. The Lipid Research Clinics (LRC) Program has conducted prevalence studies in several North American populations. They provide the data base for the present study, whose purpose is to describe the relationship between LDL-C and various physical, chemical, dietary, and behavioral factors in white adults aged 20 to 59 years in the LRC Prevalence Study populations.
Methods

Study Population and Procedures
The data for this study are derived from Visit 2 of the LRC Prevalence Study, which has been previously described. 3 All 10 North American populations participating in the Prevalence Study are included. Of the Visit 1 participants, 16 ,335 men and women were eligible for an examination at Visit 2, and 13,852 were seen. The criteria for inclusion in this study were that a person be in a 15% random sample of Visit 1 participants, be a white adult between 20 and 59 years old, have fasted for at least 12 hours, and not be pregnant. Data for 2460 males and 2308 females are included in this report.
The LRC lipid laboratory procedures 4 and their standardization 5 -6 have been described earlier; LDL-C was estimated as the cholesterol in the d > 1.006 B fraction-HDL-C. Sociodemographic information, anthropometric measurements, and personal habits were recorded in each clinic according to a common protocol. 7 Blood pressure was measured by trained technicians, according to the standardized Hypertension Detection and Follow-up Program guidelines. 7 Nonlipid blood chemistries were measured at a single, central laboratory. 7 A single, 24-hour dietary recall was obtained from each participant by dietitians trained and certified to collect dietary data according to a common protocol and only dietary recalls considered reliable were included in the analyses. All dietary recalls were coded at a central facility, the Nutrition Coding Center, with quality control procedures to monitor reproducibility of the coding. 8 The nutrient composition of the food was estimated by the NHLBI Table of Food Composition. 8 Females were classified as hormone users by a positive answer to the question, "Was any of the oral medication you took during the past 2 weeks a hormone, a birth control pill, or a thyroid preparation?" Of those who responded affirmatively, 76% were using "oral contraceptives, pills for hot flashes, or pills to regulate periods;" 3% reported use of "androgens or anabolic agents;" 7.6% answered positively for "medicine for thyroid disorders;" 3.6% reported taking "cortisone, prednisone, ACTH, prednisolone (corticosteroids);" and 9.8% were using "other hormones."
Statistical Methods
An initial group of variables was chosen based on previous studies and on current hypotheses regarding their relationships to LDL-C or total cholesterol. A first set of analyses sought to identify which variables or groups of variables were related to LDL-C levels. The variables selected based on these descriptive analyses are shown in table 1, and were used as independent variables in the ensuing multiple regression analysis. Table 1 presents the mean and standard deviation of the measurements considered as potential correlates of LDL-C, for the three strata used throughout this study; all analyses were gender-specific and the females were divided into strata of hormone users and nonusers. To allow for comparisons between these groups, the means shown in table 1 were adjusted by analysis of covariance to a common age of 40, and to a reference population from among the 10 populations surveyed by the North American Clinics ("dummy variables"). Analyses using regression or correlation methods were also adjusted for population differences in LDL-C, so that all populations (or "clinics") had the same LDL-C level. The reader should note that the p-values presented are not adjusted for multiple testing.
Pearson's correlation coefficients, partial correlations, and regression models were used to describe the relationships between LDL-C and the other variables. These methods assume that the relationships are linear and that the residuals are normally distributed about zero. It is also assumed that the residuals have the same variance for all values of the variables. Our examination of residual plots suggested that these assumptions were met. For parsimony of the analysis, the independent variables were included in the multiple regression equations only as simple linear terms. Figure 1 shows the mean concentration of LDL-C by age and separately for males, female hormone users, and females not using hormones. Within the 20-to 59-year age span, LDL-C was seen to increase steadily with age in all three groups, but the rate of increase in males declined beyond age 45. Males demonstrated consistently higher mean values of LDL-C than females using hormones who were over 30. The mean LDL-C of females not using hormones increased with age at a greater rate than in either of the other two groups within the age range shown, as indicated by the steepest slope on the graph.
Results
Pearson product-moment correlation coefficients were computed for LDL-C with the various anthropometric, biochemical, and behavioral variables. These correlations (adjusted for population differences) and their significance, where appropriate, are shown separately by gender and hormone use in table 2. The greatest and most significant correlations among the three groups are for LDL-C with age, Mean values are adjusted to a reference population and to age 40 years. N represents the sample size for the variable with the smallest number of valid observations. 'Units are % of total energy intake.
the Quetelet Index of body mass (height/weight 2 x 1000), cigarette smoking (number smoked per day), systolic blood pressure, blood glucose, and uric acid (all positive correlations); and with height and bilirubin (both negative correlations). Significant positive correlation coefficients were found for LDL-C with alkaline phosphatase, glucose, and uric acid levels in females not using hormones. Uric acid was also found to be highly significantly correlated with LDL-C in females using hormones as were, to a lesser extent, alkaline phosphatase levels (both positive) and alcohol consumption (negative). Among the nutrients, the strongest correlates of LDL-C were total calories and carbohydrates in males and females not using hormones, which were both negatively associated with LDL-C. Some differences between the three comparison groups are evident in the magnitude and sign of these correlations. Carbohydrates were significantly and negatively associated with LDL-C concentrations in males and in females not using hormones, but not in females reporting a re- cent use of hormone preparations. A similar pattern was seen for sucrose, whereas starch was positively associated with LDL-C only in females using hormones.
Because of the demonstrated effect of age on LDL-C and the previously established association between lipid levels and both obesity and cigarette smoking, a series of partial correlations were carried out to control for the cumulative effects of age, ponderosity, and cigarette smoking. The Quetelet Index was selected as the preferred measure of ponderosity in these analyses, not only because of its general acceptance and ubiquitous use in the scientific literature, but also because it was found to explain more of the variation of LDL-C in our study population than either the Ponderal Index (weight/height 3 ) or a weight/height power function derived specifically from a regression of log weight and log height against log LDL-C in this study population. A meas-ure of physical activity or calorie expenditure was not available for inclusion in these analyses.
The adjusted correlations for LDL-C are also given in table 2. Adjustment was seen to diminish most previously noted correlations in males, although the negative correlation of LDL-C with bilirubin remained highly significant. However, no adjusted correlation coefficient in males was greater than 0.10. In females who did not use hormones, adjustment had a similar effect, although glucose and uric acid levels remained highly positively correlated with LDL-C. Among female hormone users, adjustment was seen to weaken the strength of the correlation with LDL-C for some variables and to enhance it for others. For instance, the previously cited highly significant correlation coefficients for LDL-C with systolic blood pressure and uric acid both disappeared when adjustment was made for age, cigarette smoking, and ponderosity. On the other hand, a highly significant correlation of LDL-C with triceps skinfold thickness only emerged after adjustment, and the previously observed marginally significant negative correlation of LDL-C with alcohol appeared to be strengthened by adjustment. Statistical adjustment for age, body mass, and cigarette smoking decreased the magnitude of the correlation between LDL-C and total calories in the three groups defined by gender and hormone use. Similarly, it also decreased the associations between LDL-C and the percentage of calories from carbohydrates, and LDL-C and the percentage of calories from sucrose in males and in females not using hormone preparations. Among females using hormones, few changes were apparent after adjustment.
For comparative purposes, similarly adjusted correlation coefficients were computed for plasma total cholesterol and are presented in table 3. The partial correlation coefficients of plasma total cholesterol with these same variables showed a striking similarity to those computed for LDL-C, both in magnitude and significance; this is not surprising since LDL-C is the greatest "contributor" to total cholesterol. This interrelationship is clearly visible in table 4 which demonstrates that the correlation coefficients for LDL-C with total plasma cholesterol in the three groups ranged between 0.86 and 0.93. LDL-C is seen to be significantly, but weakly, positively correlated with triglycerides in males and more strongly and significantly correlated with triglycerides and VLDL-C (positively) and with HDL-C (negatively) in females regardless of hormone use.
Within each gender and hormone use group, multiple linear regressions were performed with LDL-C as the dependent variable in a forward stepwise procedure. The purpose of these regressions was to determine how much of the variability in LDL-C would be statistically explained by variables known to be associated with that lipoprotein; further, it was also interesting to determine which variables were most strongly associated with LDL-C in the presence of all the other variables considered in this analysis. The results of these regressions are given in table 5.
In this table, variables are listed in the order in which they entered the model; also shown is the square of the multiple correlation coefficient, R 2 , at each stage in the model's construction. The raw and standard-ized regression coefficients were calculated from the final model in each gender and hormone use group. Only those terms in the models which were significant at p < 0.05 are shown. The multiple regression models resulted in a R 2 of 0.164 for males, 0.288 for females not using hormones, and 0.196 for females using hormones, indicating the proportion of the variability in LDL-C accounted for. Not surprisingly, age was the first variable to enter each model and had a consistently high standardized coefficient, which is expressed in standard deviation units to allow a comparison of the magnitude of the coefficients within each regression model. Ponderosity (as measured by the Quetelet Index) was the second term to enter the model for males and for female hormone users, but it did not enter the model for females not using hormones. Interestingly, none of the anthropometric measurements was significantly associated with LDL-C in females not using hormones in the presence of the other variables entering the regression equation. By contrast, the Quetelet Index and triceps skinfolds both were found positively related to LDL-C in females using hormones, and the Quetelet Index (positive), height (negative), and triceps skinfolds (positive) each contributed significantly to explain the variability in LDL-C in males. Values are adjusted to a reference population. Only variables with a partial F statistic of p < 0.05 are shown in this table; the order of the variables listed corresponds to the sequence of forward selection into the stepwise regression model. N represents the population having no missing information on any of the variables considered for inclusion in the stepwise regression model. Among the clinical chemistries, bilirubin (negative) ranked third among the variables most strongly related to LDL-C in males; however, it did not enter the regression models for females. Instead, both uric acid and fasting plasma glucose were significantly and positively associated with LDL-C in females not using hormones; no clinical chemistry measurements emerged as correlates of LDL-C in females using hormones. Besides age, the only variable appearing in all the models was cigarette smoking, which was positively associated with LDL-C and appeared to be a weaker explanatory factor of LDL-C in males than in females.
Table 5. Multiple Linear Regression Analysis: Variables Associated with LDL Cholesterol Concentrations In the LRC Populations, By Gender and Hormone Use
Among the nutrients, alcohol intake was negatively associated with LDL-C concentrations in females but not in males. The other nutrients significantly associated with LDL-C were the percentage of calories from carbohydrate (negative) and the percentage of calories from polyunsaturated fatty acids (positive) in males; total calories (negative) and percentage of calories from saturated fatty acids (positive) in females not using hormones; and the percentage of calories from starch (positive) in females using hormones. Finally, systolic blood pressure remained positively and significantly associated with LDL-C only in females not using hormones where considered in the presence of all other variables in the regression analysis.
Discussion
The aim of this study was to provide a comprehensive examination of the relationships between LDL-C concentrations and various characteristics measured during a cross-sectional survey examination. Accordingly, the framework for the findings presented is that of an observational study on noninstitutionalized individuals sampled from defined populations. Implicit in this study design are strengths and weaknesses. As a qualification to the interpretation of the results, all findings reported in this paper represent associations which do not explicitly identify an antecedent or consequent factor; the study variables are based on a single measurement on each individual and were obtained using techniques suitable for the examination of large numbers of participants, and therefore only approximate the true value for each individual of the characteristic being measured; in common with all observational designs, this study exercised no control over the behavior of the examinee, but relied on statistical analysis for the adjustment of variables concomitant with, or extraneous to, the measurements of interest; and finally, the analysis for this study was multivariable, and Type I errors are likely when a large number of statistical tests are made.
Among the strengths of the findings reported here, the following can be highlighted: a diversity of study populations was chosen to provide a broad spectrum of free-living population groups; individuals in each of these populations were examined by means of standardized techniques, a common protocol, and certified interviewers; and the analytic approach for this study took advantage of these design features of intraindividual associations and replication across populations. Thus, all findings presented in this paper carry the specificity of associations within individuals; they are also a test for the homogeneity of such findings among the 10 North American populations surveyed. Further, while the results presented here lack the ease of interpretation of an experimental design, they are reflective of the actual characteristics and choices in behaviors, life styles, dietary patterns, and environmental conditions of free-living populations.
It has been shown 9 that in adulthood LDL-C levels increase with age at different rates in each gender. Within the age range considered in this study (20 to 59 years), age was consistently the strongest correlate to LDL-C concentrations, reflective of the marked increase with age depicted in figure 1. Since most plasma total cholesterol is carried in the LDL-C fraction, 1 the well known age-related increase in plasma total cholesterol characteristic of affluent, industrialized societies is consistent with the marked increase of LDL-C with age reported here.
Gender, also a strong correlate of LDL-C levels, was not specifically tested in this study for its association with LDL-C since it seemed more appropriate to stratify on gender in examining the numerous attributes which are associated with gender. White males were found to have higher LDL-C levels than white females until the sixth decade of life; in older birth cohorts, postmenopausal women not using hormones showed higher LDL-C levels than males (Figure 1) . In Evans County, interestingly, this apparent sex effect was reversed; black females registered higher mean LDL-C levels than black males. 10 Higher LDL-C levels were also observed in older females when compared to males within several North American and European populations. 1112 We noted earlier that hormone use, as reported by women in the LRC study, consisted predominantly (76%) of oral contraceptives or estrogen replacement therapy. Women using oral contraceptives have been found to have higher LDL-C levels than their counterparts who do not take those preparations. 13 ' 14 Use of estrogen replacement therapy, by contrast, has been associated with lower concentrations of LDL-C. 13 ' 1S Since the associations between gonadal hormone use and LDL-C concentrations have already been described for the LRC populations, 13 it was not the aim of this paper to re-examine these findings. As already stated, the analyses for this study were developed separately for females who used hormones and those who did not, to make them more informative and parsimonious. The data presented here show a pattern consistent with the previously reported effects of gonadal hormone use, since women under the age of 45 taking hormones used mostly oral contraceptive preparations, where-as older women taking hormones largely used estrogen preparations (figure 1).
It has been found that lipid and lipoprotein levels differ among geographically and culturally distinct populations; the variation among populations primarily reflects differences in LDL. 1112 Differences in LDL-C levels between the populations surveyed by the LRC Program have also been described. 9 In this study, the data are adjusted for the differences in mean LDL-C between populations.
In the multivariable analyses (table 5) , the Quetelet Index of body mass was the strongest correlate of LDL-C after age in males and in females using hormones. In males two other anthropometric measures, height and triceps skinfold thickness, were also significantly associated with LDL-C in the presence of all other variables included in the regression model. This is a somewhat surprising finding, considering that the Quetelet Index and the skinfold thickness are correlated with a Pearson correlation ranging from 0.34 to 0.46 in men. In females not using hormones, by contrast, no association was detectable between LDL-C and any of the anthropometric measurements in multivariable mode of analysis. In children, significant positive correlations have been documented between LDL-C and relative weight (variously measured), height, and age. 16 ' 17 In the Bogalusa pediatric population, a significant association was found between obesity and beta lipoprotein levels, whereas no significant association was found between obesity and total cholesterol. 17 Body mass and obesity have also been found to be positively and significantly associated with LDL-C levels in adults in other studies, as have age, cigarette smoking, and uric acid levels. 1418 -1924 In our data the reported number of cigarettes smoked per day was consistently positively associated with LDL-C concentrations. In the multiple regression analysis, cigarette smoking was the only variable other than age that was significantly related to LDL-C in each of the three gender and hormone use groups. A positive association between the amount of cigarettes smoked and beta lipoproteins was also described by Harlan 19 and by Billimoria. 25 Recently, Phillips and colleagues 24 have also described this association and posited that this effect is secondary to the higher VLDL triglyceride levels in smokers. 24 By contrast, cigarette smoking has been found to be associated with lower levels of plasma HDL-C, 26 an effect apparently unrelated to the association between cigarette smoking and higher concentrations of LDL-C. It is evident from these findings that the HDL-C to LDL-C ratios should be particularly unfavorable among smokers.
The nonlipid blood chemistries, when examined in murtivariate analyses, showed a gender-specific pattern of association with LDL-C. Bilirubin was a negative correlate of LDL-C in males but not in females. Among females, uric acid and glucose levels were significantly associated with LDL-C in women not using hormones, but not in those using hormones.
Some of the blood chemistries can be seen as markers of dietary and/or behavioral variables such as ponderosity or cigarette smoking, subclinical or overt disease, or as indicators of gross dysfunction of lipid metabolism. Elimination of the clinical chemistries from the multivariable analyses did not produce differences in the associations observed between the other independent variables and LDL-C. If the clinical chemistries were influenced in their association with LDL-C by other factors, the latter were not included among the set of measurements examined in this study.
It is of note that several nutrients were among the measurements identified in multivariable analysis as statistically significant "predictors" of LDL-C. Although metabolic ward studies can induce changes in LDL-C levels through dietary manipulation, the shortcomings of the single 24-hour dietary recall used in this study are documented in several reports in the literature. 20 " 23 Both the precision and the validity of the 24-hour dietary recall in measuring an individual's dietary intake profile have been judged questionable. The systematic as well as the random sources of error so abundantly represented in the 24-hour dietary recall are mostly conducive to underestimation of the measures of association involving dietary variables in cross-sectional population surveys. 2021 It is thus conspicuous that in this study several nutrients emerged as statistically significant correlates of LDL-C in multiple stepwise regression models that included a diversity of other variables of greater measurement precision and accuracy. The error-in-variables problem, which can bias multiple regression coefficients in either direction, appears unimportant in this stepwise regression analysis, since the standardized beta coefficients are very similar to the univariable product-moment correlations.
The percentage of calories from carbohydrates or from starch, the percentage of calories from fat and alcohol, and the total calories were the nutrients associated with LDL-C, in a pattern specific to gender and hormone use. It is possible that the observed differences by gender are reflective of a greater reliability of the 24-hour dietary recall for women compared to men, as reported by Liu and colleagues. 21 Among females, reported alcohol consumption was a nutrient statistically significant in its negative association with LDL-C; however, alcohol consumption was estimated from the reported intake of alcoholic beverages during the previous week rather than from the 24-hour dietary recall. Castelli et al. 11 and Phillips et al. 24 have reported the LDL-C fraction to be inversely related to ethanol consumption. Shepherd et al., 14 by contrast, found alcohol usage positively associated with LDL-C.
It is evident that LDL-C concentrations are influenced by a diversity of behavioral, physical, chemical, and dietary characteristics. This study has conducted a systematic assessment of several putative covariates of LDL-C in multivariable analysis, and has identified a profile of attributes of free-living individuals associated with their LDL-C levels. An important feature of the findings presented here is that a low proportion of the variation in LDL-C was statistically accounted for by many characteristics measured on each participant. This may be partly due to a measurement error which leads to an underestimation of the observed associations, but it is also indicative of other factors not measured in this study that affect LDL concentrations.
Age was the factor most strongly associated with LDL-C in the cross-sectional LRC data, showing a linear increase of almost 1 mg/dl per year of age from 20 to 59 years. Next in importance as elements accounting for the variability of LDL-C between the LRC examinees were ponderosity and cigarette consumption. When considered together with these and other measurements in a multiple linear regression analysis, dietary factors were also significant covariates of LDL-C. The associations between diet and LDL-C concentrations observed in this study were consistent with those reported for total cholesterol from other cross-sectional studies using the 24-hour dietary recall technique in noninstitutionalized populations. 27 Interindividual variation in diet contributes somewhat to the variation in LDL-C levels, but most of that variation must be attributed to nondietary factors. Neither variation in diet nor in anthropometric measures of ponderosity, however, adequately "explains" the age-related increase in LDL-C levels observed in this and other study populations. Thus, other factors modulating the population distributions of plasma LDL-C in the young and middle-aged remain to be identified and documented.
